L-lysine is a basic amino acid that has been shown to exert neuroprotective effect. However, the underlying mechanism remains to be elucidated. In this study, we investigate how L-lysine exerts its neuroprotective effect in hemin-insulted mouse cortical neurons in vitro and the mouse model of intracerebral hemorrhage (ICH) in vivo. We demonstrate that L-lysine treatment promotes M2 microglial polarization and reduces inflammatory response both in vitro and in vivo, suggesting that L-lysine may play a neuroprotective role in ICH injury. Indeed, w e show that L-lysine treatment reduces cortical neuronal death after hemin insult in vitro and decrease the number of degenerating neurons after ICH in vivo. L-lysine also improves the functional recovery of ICH animals in neurobehavioral tests. Consistent with the role of PTEN in regulating inflammatory response, we find that PTEN inhibition promotes M2 microglial polarization and suppresses pro-inflammatory response in mouse ICH injury, which contribute to the neuroprotective effect of L-lysine. Moreover, our results reveal that microRNA-575 directly suppressed PTEN to promote M2 microglial polarization and mediate the neuroprotective effect of L-lysine in ICH injury.
Introduction
As a sub-type of stroke, intracerebral hemorrhage (ICH) accounts for 10% to 15% of all strokes in European countries, while accounts for 20% to 30% of those in Asian countries [1, 2] . whose release are inhibited by miR-575/PTEN signaling.
Materials and Methods

Cortical neuronal culture and treatment
As mentioned in our previous reports, we choose C57BL/6J mice on day 17 of gestation to culture cortical neurons [28, 29] . Pregnant mice were firstly anesthetized with 4% isoflurane containing 30% O 2 and 70% N 2 O and then killed by cervical dislocation. The mice were sprayed with 70% ethanol to remove the embryos. Then the embryos were rapidly decapitated after the meninges removed and the cortex was then placed in plate medium put on the ice board. which consists of neural basal medium, 25 mM glutamic acid, 0.5 mM L-glutaMAX, 0.5% FBS and 2% B-27 supplement. We suspended the extracted cortical neurons in a petri dish coated with poly-D-lys ine. Then one half of the medium was removed and replaced with maintenance medium which includes neural basal medium, 0.5 mM L-glutaMAX and 2% B-27 supplement provided every 3 days. The cultured neurons were used in the experiment after 12 days [29] .
To simulate experimental ICH, the cultures were exposed to 200uM of hemin (Sigma) or to vehicle (0.1% dimethyl sulfoxide) for 3 hours in vitro prior to harvesting cell survival assays [30, 31] . We dissolved the hemin in the dimethyl sulfoxide (DMSO) and diluted it to the desired concentration with fresh medium. The concentration of DMSO in the medium was 0.1%.
Cortical microglia culture
We choose C57BL/6J mice on day 17 of gestation to culture the cortical microglia. The mice were killed by cervical dislocation after anesthesia (4% isoflurane, 70% N 2 O and 30% O 2 ). The embryos were expelled from the uterus of pregnant mice and the brain tissue of the embryos was rapidly isolated. And the pelleted cells were cultured in dulbecco's modified eagle medium (DMEM) (1% antibiotic-antimycotic, 5 ng/ml carrier-free recombinant mouse GM-CS and 10%
Neuronal Viability Assays
Lactate dehydrogenase (LDH), preserved as a cytoplasmic enzyme in living cells with intact cell membranes, which is released immediately from the cells whose membrane is damaged. In this experiment we use the CytoTox 96 Cytotoxicity Kit (Promega, USA) to measure LDH the release according to the instruction. We use the cultures treated with 10X lys is (supplied by the manufacturer) of the total lysine of the cell to measure the maximum release level of LDH. The 96-well plate reader was used to obtain the absorbance at 490 nm (Molecular Devices, USA).
Then we compute the amount of LDH release (%) through calculating the ratio of experimental LDH release to maximum amount LDH according to the manufacturer's instructions [29] .
The important indicators of neuronal cell viability inc lude the ability of neuronal cells to absorb the thiazolyl tetrazolium bromide (MTT). According to the manufacturer's instructions, cells and MTT were incubated at 37˚C for 1 h, then the mixture was lyses with DMSO and overnight in the dark room. The absorbance of the lysates were then read at 540 nm on a plate reader [32] .
Quantitative reverse transcription-PCR
All RNAs were unwind by utilizing TRIzol reagent (Invitrogen, USA), then reverse transcribed using Maxima H Minus First Strand cDNA Synthesis Kit (Thermo, USA) and the qRT-PCR response using SYBR Green PCR Master Mix (Invitrogen, USA). Preliminary arrangements are portrayed in Table1. The invert translation was performed on BioRad MJ Scaled down Instrument (Bio-Rad, USA) and QuantStudio 6 K Flex Instrument (ABI, USA) was used for the qRT-PCR.
The cycle time value was normalized to the GAPDH level of the same test. And each experiment was repeated three times independently.
Luciferase reporter assay
The wild-type 3′-UTR arrangement of PTEN (wt PTEN-3′-UTR) associated with miR-575 and site-directed mutagenesis complementary to the miR-575 seed locale (mt PTEN-3′-UTR) was performed to disturb the arrangement inside wt PTEN-3′-UTR. The preliminaries were obtained from the Chinese company named RioBio. We used DNA sequencing analys is to affirm the correspondent builds. An add up to of 5×10 4 PC12 cells were cultured in plates with 24-well for were evaluated by the dual-luciferase columnist measure framework utilizing the Glomax2020 luminometer (Promega, USA) at 24 h after transfection. We used Renilla luc iferase to normalize the data. The test was replicated three times in triplicate wells.
Western Blot
As described in previous study [15] . Primary antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Cell Signaling Technology (CST, MA) and PTEN from Santa Cruz Biotechnology (CA, USA) were incubated on a polyvinylidene difluoride membrane (Millipore, USA). We labeled the primary antibody with a horseradish peroxidase-labeled secondary antibody and protein bands were imaged with Super Signal West Femto Maximum Sensitivity Substrate (Pierce, USA). We obtained blot images from a polyvinylidene difluoride membrane by using an EC3 imaging system (UVP, USA). Finally, western blot data w ere quantified using Image J software.
Animal Care and Ethics Committee of the Wuhan University School of Medicine. We used a randomized approach when assigning samples, collecting and processing data. Researchers did not know the group to which each animal was assigned. All animal-related studies reported animal experiments have followed the ARRIVE guidelines [33, 34] .
Production of PTEN-deficient mice
It is embryonically deadly to germline knockout of encoding PTEN. So we embraced a 
ICH Model
The ICH model was induced by autologous blood stereotactic injection as previous report [35] .
Briefly, mice were anesthetized with 4% isoflurane containing 30% O 2 and 70% N 2 O placed in a stereotaxic frame (Shenzhen Rewal Life Science and Technology Co., Ltd., Shenzhen, China) and
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Journal Pre-proof a cranial burr hole (1 mm) was drilled on the right side of the skull (0.8 mm anterior and 2.0 mm lateral of the bregma). Then, 30 μl of autologous blood collected from the right femoral artery was infused into the right striatum by a 30 gauge needle within 60 seconds from the coordinates relative to the bregma 0.8 mm in the anterior side, 2.0 mm in the lateral surface, and 3.0 mm in the lateral surface. The needle was kept in position for an additional 10 minutes to prevent backflow before craniotomy was closed with bone wax. During surgical procedures, mice were kept at about 37 °C on an electric heating blanket and then kept separately until the anesthesia was completely restored. Sham operated animals were subjected to needle insertion only.
FJC Staining
Mice were anesthetized with excess isoflurane and then perfused intraperitoneally with saline and then fixed with 4% paraformaldehyde. The brain of the mice were removed, taken out and stored in a 4% paraformaldehyde solution at 4 ° C overnight. The brain was cut into 20 μm thick slices on the coronal axis by Leica VT1000S vibratome (Leica Micro-systems AG, Nussloch, Germany). The Fluoro-Jade C (FJC) (Sigma Aldrich, USA) mark was made using a modified standard protocol. The slides were immersed for 5 minutes in 1% sodium hydroxide 80% ethanol, then rinsed with 70% ethanol for 2 minutes, rinsed with distilled water for 2 minutes, and rinsed with 0.06% potassium permanganate solution for 10 minutes. After soaking for 2 minutes in distilled water, the slides were transferred to a 0.0001% FJC solution of 0.1% acetic acid. Rinse 3 times with distilled water for 1 minute each time. Then the samples were dried at 50 ° C for 5 minutes and immersed in xylene for 1 minute. Sections were mounted with DPX medium (Sigma Aldrich, USA). Slices were taken by researchers using an Olympus fluorescence microscope (IX51, Olympus, Japan). Photomicrographs were taken from three regions of the ipsilateral cerebral cortex using a × 20 target and FJC positive cells were counted by Image J software (Image J, USA). Data were expressed as cells / mm 2 . significance (alpha) was set at 0.05. Student's t test or ANOVA test was used where appropriate to examine the statistical significance of the differences between groups of data. Bonferroni tests were used for post-hoc comparisons when appropriate. All results are presented as mean ± SEM.
Significance was placed at p < 0.05.
Results
L-lysine promotes M2 microglial polarization and reduces inflammatory response in vitro and in vivo
By performing qRT-PCR analys is, we measured the mRNA levels of M2 microglial markers in hemin-insulted primary microglia culture. As shown in Fig. 1A , L-lysine increases the level of Arg-1, CD206 and YM-1, the markers of M2 microglia [42, 43] , and D-lysine does not alter the level of Arg-1, CD206 and YM-1, in the microglia cultures. Consistent with the results in vitro, L-lysine (1 mg/kg, intraperitoneal injection) increases the level of Arg-1, CD206 and YM-1 in the damaged brain tissues at 1 h after mouse ICH (Fig. S1A) .
In order to determine whether L-lysine regulates the release of inflammatory cytokines in our experimental conditions. We measured the protein level of inflammatory cytokines (TNF-α, IL-1β
and IL-6) by ELISA in hemin-insulted primary culture of microglia. In comparison with the sham group, while hemin insult increases the protein levels of TNF-α, IL-1β and IL-6 in hemin-insulted microglia ( Fig. 1B-D) , L-lysine treatment prevents the increase of TNF-α, IL-1β and IL-6, but D-lysine treatment does not prevent the increase of TNF-α, IL-1β and IL-6 ( Fig. 1 B-D) .
Consistent with the in vitro results, L-lysine treatment prevents ICH-induced increase of TNF-α, IL-1β and IL-6 in the ICH mice model (Fig. S1B-D) .
To further verify the effect of L-lysine on the release of inflammatory cytokines, lipopolysaccharides (LPS) was used to counteract the anti-inflammatory response. LPS (5 mg/kg) was administered intraperitoneally at 2 h prior to mouse ICH injury. We show that LPS blocks the effect of L-lysine on the levels of TNF-α, IL-1β and IL-6 ( Fig. S2A-C) . Together, these results provide the first evidence that L-lysine promotes M2 microglial polarization and reduces inflammatory response in ICH injury. Fig. 2A-B ). We also performed FJC straining to test the effect of L-lysine on neuronal survival at 24 h after ICH. We find that L-lys ine treatment decreases the number of FJC-positive degenerating neurons in the cerebral hemorrhage area compared with the vehicle treatment group (Fig. 2 C) . In addition, we
L-lysine prevents neuronal death in hemin-induced injury and reduces the number of
show that LPS blocks L-lysine-induced decrease of the degenerating neurons in ICH injury ( Fig.   S2 D) . Thus, we conclude that L-lysine is neuroprotective in experimental ICH injury model in vitro and in vivo.
L-lysine promotes functional recovery in animals of intracerebral hemorrhage
To verify the functional outcome of L-lysine-induced neuroprotection, a series of neurobehavioral tests including the MST test, the beam-walking test and the mNSS test were performed. The neurological changes were observed at 1 day before ICH and 1, 3, 7 and 14 days respectively after ICH. L-lysine (1 g/kg, intraperitoneal injection) was injected at 1 h after ICH.
Our data show that mice treated with L-lysine has lower scores in the mNSS test compared with mice treated with vehicle (ICH + vehicle group) at 7 and 14 days after ICH (Fig. 3A) . L-lys ine treated mice has lower scores of beam-walking test (Fig. 3B ) and higher ratio of MST test compared with mice treated with vehicle at 7 and 14 day after ICH (Fig. 3C) . These results provide functional evidence for the neuroprotective role of L-lysine in ICH injury.
M1 microglia [44] , and Arg-1, CD206, and YM-1 were selected as the markers of M2 microglia [42, 43] . In this study, we used PTEN transgenic mice (tamoxifen-induced recombination), which usually co-exists with different proportions of PTEN-wild-type cells and PTEN-knockout cells.
We refer to these mice as "PTEN mutant" mice because PTEN was not removed from all cells.
Our data show that the protein expression of PTEN was elevated in mice at 24 h after ICH and in hemin-insulted cortical neurons at 24 h after insult ( Fig. 4A-B ). PTEN expression was obviously decreased in PTEN-mutant mice (Mut) (Fig. 4C ). As shown in Fig. 4D , while ICH injury in WT mice promotes marked increase M1 microglial markers, it also moderately increase the levels of M2 microglial markers. Whereas in PTEN-mutant mice, PTEN deletion inhibits ICH-induced M1 microglial polarization but further increases M2 microglial polarization (Fig.   4D ). Similar results were observed in hemin-insulted primary cultured microglia treated with PTEN inhibitor bpV(pic) (200 nM) (Fig. S3 ). These data suggest that PTEN inhibition increases the M2 microglia polarization but decreases the M1 microglial polarization after ICH injury.
L-lysine promotes M2 microglia polarization through suppression of PTEN
We next test whether PTEN mediates the effect of L-lysine on M2 microglia polarization in ICH injury. We show that L-lysine reverses ICH-induced increase of PTEN in ICH injury of wild-type mice (Fig. 4A; Fig. 5A ). L-lysine also increases the levels of Arg-1, CD206 and YM-1, the markers of M2 microglia in ICH injury of wild-type mice (Fig. 5A ). However, in PTEN-mutant mice (Mut) subjected to ICH injury, L-lysine neither decrease the level of PTEN nor increase the levels of Arg-1, CD206 and YM-1 ( Fig. 5B-D) . These results suggest that L-lysine promotes anti-inflammatory effects of M2 microglia through suppressing PTEN.
PTEN is the target gene of miR-575 in cortical neurons
release in ICH injury. Our results provide new evidence for a critical role of miR-575 underlying the molecular mechanisms of neuroprotection.
While inhibition of PTEN has been shown to confer neuroprotection through suppressing the function of NR2B-containing N-methyl-D-aspartate receptors and retaining the function of gamma-aminobutyric acid A receptor function [13, 14] , the inhibition of PTEN is recently shown to lead to activation of M2-type cholinergic anti-inflammatory pathways in macrophages in peripheral tissues [27] . In the present study, we provide evidence that suppressing PTEN promotes M2 microglia polarization. As M2 microglia express anti-inflammatory mediators, such as Arg-1, CD206, and YM-1, which can prevent inflammation and contribute to neuroprotective effects [47], we tested whether PTEN inhibition exerts its neuroprotective effect through M2 microglia polarization. We show that PTEN inhibition mediates the effect of L-lysine and miR-575 on the enhancement of M2 microglia polarization, which promotes neuronal survival through enhancing the anti-inflammatory effect in ICH injury.
Inflammatory reactions can increase brain damage which usually occurs after ICH injury. The pro-inflammatory responses lead to tissue damage, BBB destruction, secondary edema and brain cell death [45] . Activation of the inflammatory response is the precursor of the enlargement of hematoma, edema and secondary neurological impairment [46] . We provide the first evidence that L-lysine promotes M2 microglia polarization and subsequently reduces the levels of pro-inflammatory cytokines including IL-1β, IL-6 and TNF-α at 24 h after ICH, which exerts neuroprotective effect in ICH injury. Our study for the first time reveals the role of L-lysine in anti-inflammatory responses-mediated neuroprotective effect.
Conclusion
This study demonstrates that L-lysine confers neuroprotection in ICH injury both in vitro and in vivo. Our results suggest that the neuroprotective effect of L-lysine may be mediated in part through its suppression of pro-inflammatory cytokine release. We provide evidence that the 
